Distributions of electric fields in two-dimensional arrays of gold nanodisks on a Si 3 N 4 membrane, with light incident through the membrane, are modeled with the aim of determining array geometries for effective plasmon-mediated Brillouin light scattering ("surface-enhanced Brillouin scattering") from phonons or magnons in a specimen placed in contact with such an array. Particular attention is devoted to average intensities and higher-wavevector components of the fields in a plane 2 nm from the circular nanodisk/vacuum interface, which is anticipated to be in the vicinity of the surface of a specimen. For nanodisks with diameters of 50 nm, the average intensity near the circular nanodisk/vacuum interface increases as the angle of the incident light approaches the normal of the Si 3 N 4 surface. At low angles of incidence relative to the Si 3 N 4 normal, average intensities also increase with decreasing array spacing, primarily because of the corresponding changes in fractional coverage area of the gold. The highest average intensities (with near-normal incidence and 70 nm array periodicity) are found to be ∼3 times that of the incident light. More significantly, higher-wavevector components of the fields are found to have intensities comparable to the incident light. This finding provides evidence for the feasibility of using surface plasmons in nanodisk or nanoline arrays to mediate Brillouin scattering from phonons or magnons with wavelengths of a few tens of nanometers, which would extend the wavevector range of Brillouin-scattering metrology by an order of magnitude.
I. Introduction
Resonant excitation of surface plasmons in noble-metal nanoparticles and nanodot arrays has been extensively employed in a number of optical spectroscopic metrologies to generate high-intensity localized fields and associated enhancement of spectral intensities. 1, 2 In surface-enhanced Raman spectroscopy (SERS), for example, surface-plasmon mediation of nanoparticles can lead to enhancement of spectral peak intensities of adhered molecules by many orders of magnitude.
One optical method for which surface-plasmon mediation has been found, thus far, to be less useful is Brillouin light scattering (BLS), which involves inelastic scattering of light from acoustic phonons or magnons in a manner analogous to the scattering from optical phonons in Raman spectroscopy. Attempts to implement plasmon-mediated BLS (or "surface-enhanced Brillouin scattering", SEBS) with randomly arranged silver nanoparticles on a surface, as has been done in SERS, have not yielded significant increases in spectral intensities. 3 To understand the relative ineffectiveness of this approach, one should note that BLS from acoustic phonons is a spatially coherent scattering process (Bragg scattering) involving phonons with a wavevector specified by the scattering geometry, and such selectivity of the wavevector is necessary to obtain a useful spectrum because of the strong wavevector dependence of acoustic-phonon frequencies. As described by Moretti et al., 3 the localization of fields in a random array of Ag nanoparticles corresponds to a broad range of wavevectors and, therefore, is not expected to contribute to well-defined spectra. In contrast, optical phonons detected in Raman spectroscopy have relatively flat dispersion curves over a significant fraction of the Brillouin zone, and therefore, well-defined peaks are obtained even with a broad distribution of wavevectors.
One effective approach to SEBS, first proposed by Fukui and co-workers, 4 ,5 employs uniform noble-metal films with light incident through a Kretschmann hemispherical prism to provide overlap of the photon and extended-surface-plasmon dispersion curves. Several experimental studies 3, [6] [7] [8] have used this approach with Ag films and found intensities of spectral peaks from phonons in the Ag/glass to be increased by factors as high as 750. 6 The Kretschmann geometry has also been used to enhance peak intensities from dielectric films deposited on a noble-metal film. Lee et al. 9 used this approach to study Langmuir-Blodgett films of cadmium arachidate, and Eberle and Pietralla 10 used it to study periodic arrays of polymeric nanolines. One limitation of the Kretschmann geometry is that it restricts practical measurements to a narrow range of phonon wavevectors (unless the specimen is a phononic crystal, as in the work of Eberle and Pietralla), 10 since high field intensities in the Ag are achieved only at the critical angle for attenuated total reflection. The restriction of a narrow range of phonon wavevectors can be relaxed, and the need for a Kretschmann prism can be eliminated, by employing a periodically corrugated noble-metal film for plasmon mediation. 11, 12 In a previous report, 13 we suggested that periodic arrays of noble-metal nanodisks or nanolines may provide a more flexible platform than the Kretschmann geometry or corrugated noblemetal films for SEBS, enabling measurements over a wider range of incident angles. Our measurements on gold-nanodisk arrays on glass provided evidence for modest enhancement (factors of 2-6) of phonon spectra from this structure over a relatively broad range of angles. We also suggested that, if specimens are placed in contact with such arrays, nanoscale variations of field intensities may enable an extension of the range of wavevectors detectable in BLS, since electric fields in a two-dimensional array have discrete wavevector components equal to the surface-parallel component of the wavevector of the incident light plus an integral multiple of the reciprocal lattice vector(s) of the array. Inelastic scattering of higherwavevector components of these fields is expected to occur from acoustic waves or spin waves with correspondingly high wavevectors, and the associated energy loss may be effectively translated back to far-field backscattered light through reversed mediation of surface plasmons, in a manner similar to the twoway surface-plasmon mediation of SERS. 1 Robertson et al. 11, 12 found a similar role of reciprocal lattice vectors in the wavevector-conservation relation in SEBS measurements on corrugated continuous Ag films on a glass substrate. In that study, the detected phonons were in the Ag/ substrate, since no other specimen was placed in contact with the Ag. As described by Robertson et al., 11, 12 the usual wavevector-conservation relation for BLS from phonons in an opaque half space is modified in the presence of a periodic surface grating, such that where (q) | is the surface-parallel component of a phonon wavevector, (k 0 ) | and (k s ) | are, respectively, the components of the wavevectors of the incident and scattered light parallel to the surface, and K is a reciprocal lattice vector of the grating. Equation 2 is also valid more generally for BLS from any structure that is elastically periodic in a plane (any twodimensional phononic crystal).
14-16 However, Robertson et al. 12 showed that, in the case of corrugated Ag films, surface plasmons are intermediate states between photons and phonons. Their results, therefore, suggest that similar scattering involving reciprocal lattice vectors will occur if a specimen is placed in nanoscale contact with a noble-metal thin-film array.
In this report, we consider only the initial elastic part of the above scattering process, involving coupling of incident light to suface plasmons in nanodisk arrays. We present calculations of electric-field distributions as a function of geometric parameters of arrays with the aim of providing guidance in the design of arrays for SEBS and estimating the magnitude of higherwavevector components of the fields. Particular attention is paid to intensities in vacuum near the circular surface of the nanodisks, with light incident through the substrate of the array. This scattering geometry differs from that in most previous studies of surface plasmons in nanodot arrays, which have generally considered light incident directly on the metallic surfaces of the arrays, and is relevant also to potential applications of surface-plasmon enhancement in photovoltaics [17] [18] [19] [20] [21] and nanolithography. 22, 23 Although a substantial number of papers have focused on the excitation of surface plasmons in arrays of noble-metal disks, spheres, or pyramids, 22, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] only a small fraction of the extensive parameter space of such arrays (including target geometry, material properties, and incident wavevector) has been explored. Because complete field calculations are computationally intensive, most modeling studies have been restricted to normal-incidence far-field extinction, absorption, or scattering.
II. Methods
The specific targets considered in this study are twodimensionally periodic square arrays of gold nanodisks supported by Si 3 N 4 membranes. Membranes with nanoscale thickness are chosen as substrates because they provide volumes of the unit cells of the arrays that are small enough to enable practical computation times. These small volumes are also attractive with respect to future BLS measurements, since they will minimize the intensity of spectral peaks from the substrate. The particular choice of Si 3 N 4 arises from the practical consideration that membranes of this material are readily available commercially.
Our primary focus is on nanodisks with a diameter of 50 nm. For this diameter, electric fields are calculated as a function of nanodisk height, nanodisk spacing, and angle of the wavevector of incident light.
The coordinate system, orientation of the incident wavevector, and dimensional parameters of a unit cell of the array are defined in Figure 1 . The gold nanodisk is a solid cylinder with diameter d and height h. The array is periodic in y and z with a spacing Λ in both directions. The thickness of the Si 3 N 4 substrate is 50 nm. Surface I is defined to be parallel to the surfaces of the substrate, to be 2 nm above the top circular surface of the gold, and to extend to the edges of the unit cell, such that its square area is Λ × Λ. The electric field of the incident light is given by where E 0 and the wavevector k 0 lie in the x-y plane. The wavelength 2π/|k 0 | is chosen to be 532 nm, except where otherwise noted (in absorption spectra), because this is a wavelength commonly employed in BLS systems. We employ the discrete dipole approximation [39] [40] [41] to calculate the electromagnetic fields in periodic arrays with unit cells having the geometry shown in Figure 1 . The calculations were carried out with version 7.0.1 of the open-source code DDSCAT. 42, 43 As input to the calculations, the complex index of refraction of gold as a function of wavelength was taken to be that measured by Johnson and Christy 44 for an evaporated gold film. The real part n of the index of refraction of Si 3 N 4 was taken from the experimental results of Philipp. 45 Since Philipp does not report values of the imaginary part κ of the index of refraction of Si 3 N 4 in the range of wavelengths of interest here, values of κ were taken from the modified Lorentzoscillator model of Djurišić and Li, 46 which was fit to Philipp's 45 data at shorter wavelengths. At 532 nm, the indices of refraction were n ) 0.544 and κ ) 2.231 for gold and n ) 2.036 and κ ) 0.016 for Si 3 N 4 . Surface-plasmon fields vary significantly on a single-nanometer scale. Therefore, discrete-dipole calculations ideally should be performed with a dipole-grid spacing of ∼1 nm or less. However, considering the relatively wide range of parameter space explored in this study, the computation time that would be involved in such calculations is prohibitive. Our calculations were performed with grid spacings of 2.5 or 5 nm (as indicated in figure captions, below). These spacings are sufficient for the purposes of this study, which are to determine the form and trends in the intensity distributions as a function of geometric parameters and to estimate the magnitude of higher-wavevector components of the fields.
III. Results
As described above, the electric-field intensities over surface I are expected to affect the magnitude of inelastic scattering from phonons or magnons in a specimen placed in contact with the nanodisk array. In this section, the values of average and maximum intensities over this surface are calculated as a function of nanodisk aspect ratio, spacing, and angle of incident light. Absorption spectra are also presented. Finally, the intensities of higher-wavevector components of the fields are determined through spatial Fourier analysis.
A. Aspect Ratio. Figure 2 shows calculations of normalized average intensity (|E| 2 /|E 0 | 2 ) avg and normalized maximum intensity (|E| 2 /|E 0 | 2 ) max over surface I as a function of h, where E is the total electric field (including the incident field and the field from the infinite set of discrete dipoles modeling the Au and Si 3 N 4 ). The diameter d is 50 nm, Λ is varied from 80 to 160 nm, and θ ) 0°, 30°, and 60°. The value of h at which intensities are greatest is not strongly dependent on Λ for a given θ. Corresponding values of the aspect ratio (h/d) peak at which intensities are greatest (determined from a polynomial fit of points near the peaks) are plotted versus Λ/d in Figure 3 along with results for θ ) 40°. The values of (h/d) peak are between 0.7 and 1.5. Similar calculated values of (h/d) peak Figure 3 ). Figure 4 shows plots of (|E| On the other hand, (|E| 2 /|E 0 | 2 ) max generally decreases with decreasing Λ/d for θ greater than 10°. Apparent irregularities (nonmonotonic behavior) in the curves for (|E| 2 /|E 0 | 2 ) max are assumed to arise from the fact that maximum intensities (values at single points) are more sensitive than average intensities to inaccuracies in the calculations associated with the finite dipolegrid spacing in DDSCAT.
C. Field Distributions. Figures 5-7 show representative calculations of field intensities illustrating the trends as a 
function of Λ and θ for nanodisks with d ) 50 nm and h ) 40 nm. In each of these figures, plot (a) is over the vertical x-y plane (z ) 0) of the unit cell, and plot (b) is over the horizontal surface I. Slight modulations in the intensities with a periodicity of 2.5 nm (most apparent on the lower interface of the nanodisk) are calculational artifacts arising from the 2.5 nm spacing of the discrete dipoles.
The intensity plots in the x-y plane (plot (a) in each of Figures 5-7) show that the greatest intensities in this plane are in the vicinity of the corners of the nanodisks. These highintensity regions extend partially around the top edge of the disk, as shown in the plots over surface I. With θ ) 40°, the intensities on surface I are greatest near the edge of the nanodisk that is more toward the incident light (Figures 6b and 7b) . As either Λ or θ are reduced, intensities near the opposite edge on surface I increase (Figures 5b and 6b) .
From the intensity plots, a simple geometric effect can be seen to affect the dependence of (|E| 2 /|E 0 | 2 ) avg on Λ. Since the highest intensities on surface I are in regions within a few nanometers of the edges of the nanodisk, (|E| 2 /|E 0 | 2 ) avg would be approximately inversely proportional to the area of the unit cell, Λ 2 , if these intensities remained approximately constant. The increases in (|E| 2 /|E 0 | 2 ) avg shown in Figure 4 for the lowest angles are consistent with this geometric effect being dominant at these angles.
D. Absorption Spectra. Information on the nature of the surface-plasmon modes that contribute to the fields is provided by the spectra of absorption (fraction of incident energy not transmitted or scattered) plotted in Figure 8 for the same values of d, θ, and Λ as those of Figures 5-7 . The absorption peak near 600 nm arises from resonant excitation of the "dipolar" surface-plasmon mode, which has been previously predicted and measured for a variety of gold and silver nanodot array geometries. [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] The field distributions of this mode are not necessarily very similar to a simple dipole because of the lowering of symmetry that arises from the presence of the substrate and nonzero wavevector (when θ is nonzero). 37 The peak on the lower-wavelength side of the dipole resonance is understood to arise from a "quadrupolar" surface-plasmon resonance. 27, 28, 32, [34] [35] [36] [37] The maximum of this peak appears in Figure 8 in the range of 520-530 nm, close to the wavelength of 532 nm that is used in the calculations of Figures 5-7 . The broad background of the absorption at wavelengths below the peaks in Figure 8 is understood to arise primarily from interband transitions in the gold, as reflected in the index of refraction. 44 Consistent with this interpretation, this background is found to not be significantly affected by reducing the imaginary part of the index of refraction k of Si 3 N 4 to zero in the calculations (eliminating the contribution of Si 3 N 4 to the absorption). For example, at 400 nm, the change in absorption arising from this change in the value of k of Si 3 N 4 is less than 3%. The differences in magnitude of the background for the three absorption spectra are associated primarily with differences in the fraction of the unit cell that is gold.
There is no obvious correspondence of changes in the absorption peaks (Figure 8 (Figure 4 ). Detailed analysis of the heights and widths of the peaks is not straightforward, because the damping from interband transitions is strongly dependent on wavelength in the range spanned by the quadrupole and dipole peaks.
Despite the lack of a clear correlation of the absorption with the field intensities, the fact that the maximum absorption occurs at a wavelength substantially above the typical operating wavelengths of Brillouin-scattering systems (515 or 532 nm) suggests that field intensities could be increased if the wavelength of the dipole peak were lowered. An approach for achieving this is to use silver, rather than gold, nanodisks or nanolines, since the wavelength of the dipole peak in silver is lower than that of gold. We have explored this option by performing DDSCAT calculations of the absorption of a silver nanodisk array with d ) 50 nm, Λ ) 70 nm, θ ) 0°, and h ) 40 nm on a 50 nm Si 3 Ni 4 membrane (the same geometric parameters as used for the calculation of one of the curves in Figure 8 ). This calculation employed values of the indices of refraction reported by Lynch and Hunter. The results show a dipole peak near 502 nm. This indicates that silver nanodisks or nanolines would be more effective in plasmon mediation of BLS, if surface oxidation does not significantly affect the field intensities.
E. Higher-Wavevector Components. As described above, higher-wavevector components of the electric fields on surface I are of particular interest, because they are expected to inelastically scatter from phonons or magnons with correspondingly high wavevectors. In considering these components, it is useful, first, to note that, in the discrete-dipole model for periodic arrays, the polarization P jlm of a dipole located at (where l and m are integers and L u and L V are the elementary lattice vectors) is related to the polarization P j00 of the replica dipole in the unit cell with l ) m ) 0 by r jlm ) r j00 + lL y + mL z (4) where The total field E(t,r), which is equal to E d (t,r) + E inc (t,r), has the same form with the only difference in Fourier coefficients in this equation and eq 8 being that for K ) 0.
Expressed in terms of individual field components where Therefore, for a given value of x, discrete spatial Fourier transforms (DFTs) of exp (-ik 0 · r | ) times each of the field components E x (r), E y (r), and E y (r) yield the Fourier components G K (x).
We are particularly interested in Fourier components at the value of x corresponding to surface I. Table 1 presents results of DFTs of the fields over this surface with θ ) 0 and Λ ) 70 nm (the scattering configuration of the total-intensity plot of Figure 5b ). Table 2 presents analogous results for θ ) 40°and Λ ) 70 nm (the scattering configuration of the total-intensity plot of Figure 6b ). Only results up to |K y /(2π/Λ)| ) |K z /(2π/Λ)| ) 2 are presented, where K y and K z are the components of K along ŷ and ẑ, respectively.
The fields have significant intensities at nonzero values of K y and K z . In particular, the intensities of the components of the fields listed in Tables 1 and 2 with |K y | equal to one elementary reciprocal lattice vector, 2π/Λ, are of the same order of magnitude as that of the incident light. At θ ) 40°, the intensity of this component is somewhat lower than at θ ) 0°, while the intensity of the next-higher-wavevector component, with |K y | ) 4π/Λ, is greater.
The Fourier components summarized in Tables 1 and 2 are made somewhat more complicated by the arrays being periodic in more than one direction. For example, components with |K z | ) 2π/Λ and |K y | ) 2π/Λ or 4π/Λ are significant for both scattering configurations. Any inelastic scattering of these components would involve phonon (or magnon) wavevectors out of the x-y plane. Robertson et al. 12 describe similar outof-plane interactions for the case of SEBS on Ag gratings. For the purposes of simplifying analysis of SEBS data, it may be preferable to employ arrays of noble-metal nanolines, rather than nanodisks, so that the wavevectors of the incident light, backscattered light, substrate normal, and reciprocal lattice vectors of the array will be in a common plane. Recently, the capabilities of DDSCAT have been extended to enable modeling of nanoline arrays, and initial calculations that we have performed with this code indicate that intensities of the Fourier components in such arrays are comparable in magnitude to those of arrays of nanodisks with similar cross-sectional dimensions and spacings. Since, in these calculations, a 5 nm layer of Cr between the substrate and nanolines was included, the results also suggest that the use of such a layer is practical for improving adhesion between the Au and Si 3 N 4 .
IV. Conclusions
Average intensities in the plane (surface I) near the top surfaces of the nanodisks are found here to increase with decreasing incident angle θ. At low values of θ, the average intensities in this plane also increase with decreasing array spacing Λ, and this is attributed primarily to the geometric effect of changing the fractional coverage area of the gold. The optimal aspect ratio h/d of the nanodisks is found to be relatively weakly dependent on Λ for a given θ and to be in the range of 0.7 to 1.5 for d ) 50 nm and the range of θ studied. These values are similar to those previously reported for arrays of nanodisks with a diameter of 30 nm. 47 With respect to the feasibility of employing nanodisk or nanoline arrays for plasmon-mediated detection of higherwavevector phonons or magnons in Brillouin scattering, the most important conclusion of this work is represented in Tables 1  and 2 . Spatial Fourier components corresponding to the lowest nonzero reciprocal lattice vector along ŷ (|K y | ) 2π/Λ, |K z | ) 0) are found to have intensities comparable to that of the incident light, and components for other reciprocal lattice vectors are also significant. With K ) (2π/Λ)ŷ contributing in the wavevector-conservation relation (eq 2), the phonon wavelengths detected in SEBS would be somewhat less than 70 nm when Λ ) 70 nm (being dependent, through eq 2, on the scattering configuation). Considering that state-of-the-art electron-beamlithography systems can achieve resolutions on the order of 10 nm in thin-film patterning, the results presented here and in ref. 47 provide evidence for the feasibility of using plasmon mediation of nanodisk or nanoline arrays to extend the range of detectable phonon or magnon wavelengths to a few tens of nanometers or less. These wavelengths are an order of magnitude smaller than those detected in conventional BLS, which have a lower limit of half the wavelength of the incident light.
